Background: The 3′ splice site (SS) at the end of pre-mRNA introns has a consensus sequence (Y) n NYAG for constitutive splicing of mammalian genes. Deviation from this consensus could change or interrupt the usage of the splice site leading to alternative or aberrant splicing, which could affect normal cell function or even the development of diseases. We have shown that the position "N" can be replaced by a CA-rich RNA element called CaRRE1 to regulate the alternative splicing of a group of genes. Results: Taking it a step further, we searched the human genome for purine-rich elements between the −3 and −10 positions of the 3′ splice sites of annotated introns. This identified several thousand such 3′SS; more than a thousand of them contain at least one copy of G tract. These sites deviate significantly from the consensus of constitutive splice sites and are highly associated with alterative splicing events, particularly alternative 3′ splice and intron retention. We show by mutagenesis analysis and RNA interference that the G tracts are splicing silencers and a group of the associated exons are controlled by the G tract binding proteins hnRNP H/F. Species comparison of a group of the 3′SS among vertebrates suggests that most (~87%) of the G tracts emerged in ancestors of mammals during evolution. Moreover, the host genes are most significantly associated with cancer.
Background
Alternative splicing is the major source of proteomic diversity in vertebrates [1] [2] [3] . It occurs in more than 90% of human genes and plays important roles in cell function and the development of diseases [4] [5] [6] [7] [8] . The usage of alternative exons is tightly regulated in cells in a spatial and temporal manner by cis-acting RNA elements and trans-acting factors [9, 10] . Cis-acting elements have been identified around or overlapping with motifs of the splice sites. It is however very rare for a de novo regulatory element to exist between the polypyrimidine tract and 3′ AG of the 3′ splice site (3′SS), apparently due to the constrained sequence and space of the motifs for proper splicing [11] [12] [13] .
The 3′ splice sites at the end of introns have a highly conserved arrangement of consensus sequence (Y) n NYAG [13] , where the polypyrimidine tract (Py) is close to the 3′ AG for the binding of the heterodimmeric U2AF65 and U2AF35 [13] , respectively. The space between the (Y)n and 3′ AG is highly constrained: simply increasing the distance weakens splice site usage [14] .
We have shown previously that a CA-rich element called CaRRE1 is within this 3′SS space and bound by hnRNP L to regulate depolarization-induced splicing [15] [16] [17] [18] [19] [20] , but it is not clear whether a purine-rich element could be tolerated at this location. One group of the well-characterized purine-rich splicing regulatory elements are guanidine (G) tracts containing a minimal functional G 3 [21] , mostly as silencers in exons or enhancers in introns [21] [22] [23] . Here we searched the human genome for such potential elements and report the identification and characterization of a large group of G tracts between the (Y)n and 3′ AG, which we call with other elements at this special location REPA (regulatory RNA elements between the Py and 3′AG).
Results

REPA G tracts within a group of human 3′SS
To determine if there are purine-rich REPA like the CaRRE1, we searched the 3′SS of annotated introns in the human genome for those with >60% A/G content within the −10~−3 nucleotides of the intron end ( Figure 1A-B ), a length sufficient to harbor a splicing regulatory RNA element. This identified 5,041 unique 3′SS of 3′AG introns. On average, the A/G content between the −10 and −5 positions is about 70% compared to only about 20% for that of constitutive exons ( Figure 1B-C) . At the −4 and −3 positions, the A/G content is also higher, about 40% over the constitutive ones. Overall, the A/G content between the −10 and −3 positions is significantly higher (p = 0 for each position in hypergeometric test) than that of constitutive exons.
To identify consensus elements, we examined the nucleotides −15 to -3 nt to allow for a maximal 5 upstream nucleotides to form elements with the search target sequence. These sequences were subject to the MEME (multiple Em for motif elicitation) analysis as reported previously [24, 25] . This identified G-rich motifs, among others ( Figure 2 ), as one of the top consensus elements.
The REPA G-tracts are highly associated with alternative splicing
To determine the strength of the splice sites containing the purine-rich elements, we calculated their MaxEntScan entropy scores, as described by Yeo and Burge [26] . The scores are significantly lower than the 3847 3′SS randomly chosen from the human genome, with those containing the G pentamer and GGAAA among the lowest (Figure 2A , p = 3.8E-06~3.8E-39). Therefore, the purine-rich REPA likely weakens the 3′SS.
To determine whether these 3′SS are associated with alternative splicing, we examined some of the REPAcontaining 3′SS and their downstream exons of human mRNA or expressed sequence tags (EST) in the UCSC Genome Browser. The abundance of associated alternative splicing showed a general trend consistent with entropy scores, for example, higher abundance among exons with 3′SS containing the G pentamer ( Figure 2B , p = 9E-07). However, further comparison among three groups of 3′SS ( Figure 1A , gtggaa, ggggg and gaaaa groups) with similarly low entropy scores (around 0, p > 0.05 by t-test) indicated that not all of them were associated with higher abundance of alternative splicing. For instance, the gaaaa group had only about half of the G pentamer group in the abundance. Thus, specific purine sequences are likely also associated with the high abundance of alternative splicing.
We then chose to focus on the REPA G tracts. We examined in total 922 REPA G 3-8 -harboring 3′SS and found 627 of them (68%) associated with alternative splicing events (Additional file 1: Table S1 ). The first G mainly starts between the −11 and −6 positions ( Figure 2C ), and about 99% of them are G 3-5 ( Figure 2D ).
Major types of the associated alternative splicing events include alternative 3′SS or 5′SS usage, cassette exon and intron retention ( Figure 3A ). Of these, intron retention has the most enrichment, about 17 times of that surveyed in the human transcriptomes of different tissues [5] . The other enriched type is alternative 3′ splice (1.6 times). Examples of these types of alternative splicing and their G tracts are shown in Figure 3B : the alternative 3′ splicing of the exon 5 of PAX8 (paired box 8), alternative 5′ splicing of the exon 22 of MYH13 (myosin, heavy chain 13, skeletal muscle), skipped exon (cassette) 2 of ABCC11 (ATP-binding cassette, sub-family C (CFTR/MRP), member 11) and retained intron 1 of TRERF1 (transcriptional regulating factor 1).
The REPA G-tracts are splicing silencers
To determine the role of the G-tracts in alternative splicing, we examined four REPA G tract-harboring 3′SS by D Figure 2 The sequences of the purine-rich-element-harboring 3′SSs deviate from the constitutive 3′SS (A) and a group of them are significantly associated with alternative splicing (B-D). A. Entropy scores of the 3′SS. n = 3847, 76, 411, 71, 35, 46, 125, 131, 99 of 3′SS for columns from left to right, respectively. *: of constitutive exons from the human genome, which are overall Py-rich ( Figure 1B ). The range of the Student's t-test p values of the constitutive versus each of the other groups of splice sites containing purine-rich elements are indicated. B. Abundance of alternative splicing associated with different 3′SS sequence between the Py and 3′AG. For this graph, the percentages of alternative exons relative to the total number of exons in each group were first obtained by analysis in the UCSC Genome Browser, ranging from 33% for the aaataa to 82% for the ggaaa groups, respectively. The percentage for the group of randomly chosen exons was taken as the baseline abundance 1 (dotted line); the percentages for the other groups were all normalized to it. *: a group of exons randomly chosen from the human genome. nt(−3): nucleotide at the −3 position of 3′splice sites, which is a "y" for constitutive sites. n: any nucleotide, r: purines A or G. n = 24, 63, 169, 162, 36, 121, 38 of 3′SS for columns from left to right, respectively. The p value was obtained by hypergeometric test for the abundance of alternative splicing of the G pentamer group in the whole population of 3′ splice sites examined. C. Histogram showing the distribution of the first Gs of G tracts of 627 alternative exons within the 3′SS. The first Gs peak at −10 and −8. D. Pie-shaped distribution of G tracts of the 737 alternative exons ranging from 3 to 8 Gs in a run, with G 3-5 comprising~98%.
transferring them to the upstream of a constitutive exon derived from the human beta-globin gene ( Figure 4A This suggests that the G tracts are more than just a purine-rich spacer between the Py and 3′ AG, which also weakens the 3′ splice site (see the MAX-ENT score and also Figure 2A ). The G tracts inhibit the usage of proximal 3′AG but often activate distal 3′AG, consistent with their increased association with alternative 3′SS ( Figure 3A ) and the dependence of the effect on their location relative to the target splice site. Moreover, the ΔGs of the potential secondary structures caused by the mutations, as tested by Mfold [27] , do not correlate with the splicing changes, suggesting that the mutation effect is not due to a secondary structural change. Therefore, we conclude that all four REPA G tracts tested are splicing silencers with the Gs playing critical roles.
In order to examine the role of known G tract-binding factors hnRNP H/F in splicing through the REPA G tracts, we carried out RNA interference assays ( Figure 4A (lane 5) or increased (lane 7) level of the cryptic splice product. Notably, the mutated mini-genes showed almost no change in exon skipping (lanes 4, 6 & 10) except one that showed about 12.7% decrease (lane 8) but still 10.4% less than its wild type. The mutants also showed reduced cryptic splicing in the cases of PRMT5 and GRK5 (lanes 6 and 8), suggesting that usage of the cryptic splice sites are also affected by other hnRNP H/F target element(s) in the reporter. Hence, the silencer effect of REPA G tract on exon skipping or its activation of cryptic 3′SS usage is mainly through hnRNP H/F.
To further validate the G tract silencer effect on splicing of endogenous exons, we used RNA interference of hnRNP H/F in human HeLa cells and measured the effect of loss-of-function of these factors on exon usage ( Figure 4B ). We tested 8 exons of the above 4 and 4 additional genes. We were able to successfully detect expression and alternative splicing of 6 exons in this cell line ( Figure 4B ). All of them showed an increased exon inclusion (SLC44A2) or a reduced exon skipping (of the minor isoform) upon hnRNP H/F knockdown (p < 0.001). Thus, the G-tract-binding factors hnRNP H/F are essential repressors of all of the six exons of endogenous genes tested, consistent with the silencing effect of the G tracts in splicing reporters ( Figure 4A ).
The REPA G tracts emerged mostly in the ancestors of mammals during evolution
To determine the evolutionary origin of the G tracts, we analyzed 22 3′SS in multiple species ranging from fish to humans. We were able to determine the presence or absence of 15 of them in every class of animals analyzed (Table 1 ). G tracts of 10 of these 3′SS (~67%) were also found early as in marsupials, four of them (~27%) in other mammals and only two of them in birds, reptiles and fish. Therefore, it is likely that most of the G tracts (~87%) emerged in ancestors of mammals.
As an example, the mammal-specific emergence of the G pentamer in CaMK1 is shown in Figure 5 . Besides the full length CaMK1, there is a shorter transcript (GenBank accession # AB209395) with the retention of introns 8 and 9 within the 3′ untranslated region (UTR, Figure 5 ). The G pentamer GGGGG is at the upstream 3′SS of exon 9, where it might weaken the 3′SS to promote intron retention.
Alignment of the CaMK1 3′SS from 22 species indicates that the G pentamer (or tetramer in two species) is present in mammals from human to opossum but not in wallaby and platypus, nor is it present in chicken, lizard, frog or fish. Interestingly, there are three Gs in wallaby and two Gs in platypus, both interrupted by a single T. It thus seems that the G tracts emerged in mammalian ancestors but were lost in some marsupials.
The mostly mammalian emergence of the REPA G tracts is consistent with the conclusion that G triplets are more abundant in mammalian than in fish introns as previously reported in a genome-wide study [28] .
Taken together, the examined REPA G tracts are mostly mammalian gene-specific, suggesting that they may have evolved to inhibit the splicing of a group of mammalian exons. The REPA G tract-host genes are significantly associated with cancer
To determine whether these G tract-harboring 3′SS are associated with any specific biological functions or diseases, we analyzed 578 mapped genes of the 627 3′SS in the dataset in the Ingenuity Pathway Analyses. In this search, we also included 6 sets of randomly chosen human genes from the ENSEMBL genome database to control the specificity of the analysis. The result indicates that the 578 genes are markedly enriched for genes involved in cancer (444 genes in total, Figure 6 , and see also Additional file 1: Tables S2-S3 for a complete list), by about 4 fold -log(p-value) over the 6 sets of randomly chosen genes. Particularly melanoma, carcinoma and solid tumors have the most significant enrichment of these genes, including ABCC11 (melanoma drug resistance), SNRNP200 (retinitis pigmentosa), TRERF1 (breast cancer) and WTX (Wilms tumor gene on X chromosome, Wilms tumor) [29] [30] [31] [32] [33] . SNRNP200 together with another seven genes encode splicing factors: HNRNPH1, HNRNPH3, KHSRP, MBNL1, PPAN, PRPF8, SNRPN. Particularly interesting is the hnRNP H1 and H3, which are G tractbinding proteins themselves, predicting an auto-regulatory circuit through alternative splicing. Moreover, most of the genes in Figures 3, 4 and 5 (except PCED1A) are involved in cancer as well (see also Additional file 1: Table S3 ). Furthermore, similar Ingenuity pathway analysis using the full set of the G 3-8 3′SS-containing genes reached the same conclusion. Therefore, the REPA G tracts are significantly enriched in genes involved in cancer, likely to control their alternative splicing and cancer properties. As an example of the genes involved in cancer, the WTX (or called AMER1, APC membrane recruitment protein 1) has a retained intron with a 3′SS G 3 in its second exon [34] ( Figure 6C ). The full length transcript encodes an 1135aa protein that interacts with the transcription factor WT1 (Wilms tumor 1) and efficiently enhances its transcriptional activity [30, 35] . The intron splicing results in a shorter protein of 804aa lacking the WT1-interacting domain. The shorter isoform has reduced effect on WT1 transcriptional activity [30, 35] . Therefore, the 3′ REPA G tract-associated intron retention/splicing determine the high or low activity of the tumor suppressor WTX. Presence of the G tract appears to favor the full activity of the protein, likely by weakening the 3′ splice site and thus promoting intron retention.
Also enriched are biological functions associated with organismal survival (about 2.5 fold -log(p-value)), and to some extent cellular growth & proliferation ( Figure 6A -B, and Additional file 1: Table S2 ).
Taken together, more than six hundred 3′SS that harbour REPA G tracts associated with alternative splicing are identified in the human genome. Instead of being enhancers as the other mammalian intronic G tracts, these specially localized G tracts appear to be intronic splicing silencers and mostly emerged in the ancestors of mammals. Moreover, their host genes are highly Figure 5 An example of evolutionary emergence of REPA G tracts between the polypyrimidine tract and 3′AG within the upstream 3′ SS of alternative exons of mammalian genes. Shown is an alignment of sequences around the 3′SS of the CaMK1 gene from 22 species. The G tract (black bar in diagram) is at the 3′SS of intron 8 (in front of the exon 9). Retention of both upstream and downstream introns around exon 9 generates a splice variant with an alternative stop codon in the upstream intron (Genbank accession number AB209395). In most other transcripts, both introns are spliced. Arrowhead: intron/exon boundary. It can be seen from the alignment that the G pentamer is present in most mammals. It is absent in wallaby, platypus, birds and the other vertebrates shown here. associated with cancer. These data suggest that mammals have evolved de novo RNA elements within this highly constrained space of 3′ splice site to alter the mRNA processing step for diverse proteins in particular cellular functions.
Discussion
Regulatory RNA elements between Py and 3′AG (REPA)
The splicing regulatory elements can be outside or overlap with the splice site motifs. However, since the location and sequences of the polypyrimidine tract and 3′ AG have been more or less constrained for many splice sites, emergence of de novo regulatory elements between them has not been observed frequently. A G-rich sequence was identified in a group of drosophila genes but it was enriched further upstream (60nt) in the intron to inhibit splicing [24] . While the previously reported CaRRE1 of the STREX exon support the existence of REPA elements [16] , here the identification of a large group of 3′SS G tracts clearly demonstrate that the emergence of de novo regulatory elements do occur at this location, apparently for the regulation of alternative splicing mainly in mammals. Moreover, these elements are location-dependent silencers of the immediate downstream 3′AG ( Figure 4A ), instead of enhancers as found for the other mammalian intronic G tracts outside of the region between Py and 3′AG [21, 22, 24, 36] . Beyond G tracts, there are also other purine-rich elements identified in this search that await further detailed analysis to reveal their function in splicing regulation. Furthermore, this also implies the existence of other non-purine-rich elements. In fact, we have also observed UGCAUG elements at this location of alternative exons (Xie, unpublished observation). Therefore, the repertoires of REPA will apparently increase in the future. Overall, the REPA provides a distinct example for the variations of splice sites to cause alternative usage of exons [37] .
Variations of splice sites for alternative splicing and proteomic diversity during evolution
Splicing regulatory RNA elements have evolved from fish to humans with dramatic emergence of some additional elements including G tracts [28] . Here the REPA G tracts appear to have evolved mostly in mammalian ancestors, evident from the alignment of 3′SS of multiple species ( Figure 5 and Table 1 ). The evolved elements likely increase the possibility for alternative splicing and cause functional changes of the proteins ( Figure 6 ). Moreover, their recruitment of trans-acting factors, such as hnRNP H/F (Figure 4) , would make it possible for upstream signaling to reach the target splice site [38] , adding a further layer to the splicing regulation. With the help of more REPAs in the genome (Figures 1 and 2) , more diverse protein isoforms and functions of mammalian genes could be generated.
Role of G tracts and alternative splicing in cancer
Accumulating evidence indicate that alternative splicing has been exploited by cancer cells to favor their survival [39, 40] . G tracts have been found to control the alternative splicing of genes involved in cancer, such as Bcl-x [22, 41] . Their trans-acting factors have also been found to regulate alternative splicing during tumorigenesis. For instance, upregulation of hnRNP H in gliomas drives the IG20 to anti-apoptotic MADD (MAP-kinase activating death domain protein) splicing in favor of invasiveness [42] . In HeLa cells, hnRNP H/F upregulates the proapoptosis variant Bcl-xS [41] . Multiple G-tracts can also form a stable four strand structure called a G quadruple that is less represented in exon sequences [43] . They are formed in a cell-cycle-dependent way with the highest abundance in the S phase [44] , and have been proposed as therapeutic targets for diseases including cancer, for example, by controlling oncogene transcription [45, 46] . They are also proposed to control alternative splicing of the tumor suppressor p53 [47] , and the telomere RNA hTERT [48] . Multiple copies of G tracts are also seen in some of the 3′SS examined here. For example the 3′SS of exon 4 of the matrix-remodeling associated 8 (MXRA8) gene has five copies of G 2-5 within 50 nt of the intron end. Whether G quadruples may form and play a role in the control of alternative splicing of some of these cancerrelated genes will need future studies.
In summary, the identification of hundreds of human 3′SS containing the REPA G tracts and the confirmed splicing silencer effect of representative ones suggest that the highly constrained 3′SS region has been permissive for the emergence of de novo regulatory elements for splicing control of a large group of mammalian genes. Their significant enrichment in genes involved in cancer implies that their regulation of splicing perhaps control certain properties of cancer cells.
Conclusions
A large group of human 3′SS have evolved purine-rich elements between the Py and 3′AG. Particularly the G tract elements are splicing silencers requiring hnRNP H/ F for their activity. Such G tract-harboring human genes are significantly enriched for functions related to cancer. These data demonstrate that the often highly constrained space between the Py and 3′AG has been remarkably permissive for the evolution of splicing regulatory elements, likely to diversify protein functions in mammals. The presence of such elements at the 3′SS is also predictive of alternative splice sites.
Methods
Plasmid construction
Splicing reporters with 3′SS REPA or human G-tract mutant were created by replacing the corresponding upstream 3′SS of the middle constitutive exon of DUP175 as carried out previously [49] .
Cell culture and transfection
HEK293T cells were grown in Dulbecco's modified Eagle's medium containing 10% new-born calf serum and 1% penicillin/streptomycin/glutamine solution (Invitrogen). Transfection of overnight cultures of HEK293T cells was performed with Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol, using 0.25 μg of splicing reporter minigene plasmids in 12-well plates. Transfection of siRNA into HeLa cells was done with Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions.
RNA interference
To knock down hnRNP H/F in HeLa cells, we synthesized siRNA targeting the 20 nucleotide sequence GCGACC-GAGAACGACAUUU [41] . HeLa cells were transfected with 360 pmoles of siRNA twice in 6-well plates with 24hour intervals. Cells were harvested after 72 hours of first transfection for protein and RNA analysis.
RT-PCR
We performed semi-quantitative RT-PCR of endogenous genes based on previously described procedure [15] . Specifically, in 10 ul reverse transcription reactions we used 250 ng of cytoplasmic RNA and used 0.75 ul of it in a 12.5 ul PCR reaction for 30 cycles (24 for mini-genes) with annealing temperature of 60°C. We quantified bands intensities using ImageJ (National Institutes of Health).
Human genome search
We wrote a bioperl script (Additional file 2: REPA_Perl) to search the 3′SS in the annotated EMSEMBL human genome for purine rich motifs within −10~−3 position at intron ends. The consensus elements were identified using the −15~−3 nucleotides by the MEME program as described previously [25] . The MaxEntScan entropy scores of 3′SS were determined as described [26] , using 23 nt (20 nt intron and 3 nt exon) of the 3′SS at the Burge lab website (http://genes.mit.edu/burgelab/maxent/ Xmaxentscan_scoreseq_acc.html). Human genome sequence was downloaded from the ENSEMBL website (http://uswest.ensembl.org/index.html). HGNC symbols of genes containing identified 3′ spice sites were retrieved from Biomart (http://www.biomart.org/index.html) using ENSEMBL gene IDs. From these 3′SS, we determined the alternative exons by alignment with that in the UCSC Genome Browser (http://www.genome.ucsc.edu/index.html); those without evidence for the presence of splice sites were excluded from further analysis. We used ENSEMBL gene IDs to obtain the clusters of identified genes involved in same functions/diseases using Ingenuity Pathway Analysis application (www.ingenuity.com).
